The water scarcity is becoming a growing concern. Regarded as a potential CO emission mitigation technology for coal-fired power plants, oxy-fuel combustion, a typical CCS technology, theoretically consumes a large amount of water, which increases the severity of the water scarcity. Therefore, revealing the water use of oxy-fuel coal-fired power plants is of great importance for the deployment of CCS technologies under water resource constraint in the future. In this respect, the aim of this study is to evaluate the life cycle water use of oxy-fuel CO capture, transport and storage via a 600 MW coal fired oxy-fuel power plant in China. By using a tiered hybrid life cycle assessment, both direct and indirect water use are calculated. Results show 22.9L H O/kg of CO and the oxy-fuel power plant stage dominates the total water use, while the water intensity for power generation is calculated as 3233.3 L H O/MWh, which is higher than the conventional power plants. Sensitivity analysis is performed in this research and indicates that the variation of tap water use affects the water intensity immensely. Furthermore, the use of the membrane method for air separation decreases the overall water use 14.21% respectively. China is continually increasing its efforts to reduce carbon emissions due to both domestic and international pressure. Hence the development and implement of the CCS technology is of great urgency. At the end of this study possible solutions such as using wasted or discarded wind power for the separation of oxygen to minimize water use in oxy-fuel power plant stage are put forward.
Introduction

General Background
Coal is the dominant energy in China, accounting for 59% of China's primary energy consumption in 2018 [1] . As a result, China is currently the world's largest consumer of coal as well as the largest emitter of energy-related carbon dioxide (CO ) [2] .Following the 2 2 start of the Industrial Revolution, atmospheric CO2 2 2 concentration has increased rapidly and continues to increase, causing the phenomenon of global warming [3] .Different technologies for carbon capture and storage has been introduced. Among them, oxyfuel combustion is one of the most promising technologies to isolate efficiently and economically CO emissions in coal combustion for the ready carbon sequestration [4] . Thus, oxy-fuel combustion for carbon capture and storage is essential for the mitigation of climate change.In China, three quarters of water consumed by coal-fired power plants is from waterdeficient regions [5] . Water withdrawal and consumption are projected to increase over 4.3 and 3.2 times respectively from 2014 to 2050 if the current policies continue to affect [6] .The utilization of oxy-fuel combustion for carbon capture and storage in a large scale would certainly add up the pressure. In this regard, it is of vital importance to evaluate the total water use of oxy-fuel combustion for carbon capture and storage.
Purpose of this research
Retrofitting CCS to a modern conventional power plant could reduce CO emissions to the atmosphere by approximately 80-90% compared to a plant without 2 2 2 CCS [7] . In recent years, the Chinese government paid high attention to CCS technology and issued of policy guidelines on CCS [8] .CCS technology has been listed in the national medium and long term development plans [9] . Thus, for the first time, water use of a novel oxy fuel combustion plant for CO2 capture in China is comprehensively assessed. Secondly, this study applied a hybrid life cycle assessment which allows this analysis to cover detailed direct and indirect water use induced by oxy fuel plant infrastructure including building work and equipment while CO2 storage is also considered. Finally yet importantly, this quantitative study can provide accurate and useful information for evaluating water consumption of oxy fuel combustion for CO2 capture for future large-scale commercialization, enabling the policy makers to formulate more appropriate CO2 capture plans and sustainable water strategies
Methodology
Hybrid LCA
There are three main LCA-based methods, process-sum LCA, economic input-output LCA (EIO-LCA) and hybrid LCA [10] .Hybrid life cycle assessment (LCA) combines input-output models and processbased LCA for a complete system boundary, thus is recognized as a more accurate approach than processbased LCA. Hybrid approaches are divided into three different groups, tiered hybrid analysis, input−outputbased hybrid analysis, and integrated hybrid analysis.In our study, tiered hybrid LCA method by Bullard et al. is used. Using this approach is better than other approaches, which are more complicated and require huge amount of data [11] .The model uses input-output analysis iteratively by each step, increasing the detail of the model inaprocess-like framework in order to determine the water burden of a product system.
Case description
A 600 MW oxy-fuel combustion power plant for CO2 capture with the main fuel being coal mined in China and working hours 5000 h/yr. The life span of the power plant is 20 years. The cooling system is recirculating using water.
2.2.1Functional unit
We consider our functional unit to be 1 kg of CO2 captured by our oxy-fuel system. Water use intensity is defined as amount of total water use of products per functional unit; which is calculated by the equation below . The water inputs are converted to L H2O/kgCO2 to obtain water use intensity result.
Where WUI is the water use intensity and WU is the water use and CO2 total is the total amount of the CO2 captured.
System boundary of oxy-fuel combustion
The system boundaries generally determine which unit processes to be included in the LCA study. The life cycle water use for this system in this study mainly includes coal mining, coal transport, oxy-fuel combustion with CO2 capture, CO2 transport and CO2 storage. The system boundary is drawn according to these stages. Each stage contains direct and indirect water use.
Figure 2
System boundary for Oxy-fuel CO2 capture
Material and methods
Life cycle water use of oxy fuel combustion system is calculated based on Eq. (2), and water use diagram. Looking at this equation, WUTotalstands for the total life cycle water use; WUDirectis direct water use and WUIndirectis indirect water use.
WU TOTAL WU DIRRECT WU INDIRECT
The procedure of indirect water accounting for oxy fuel combustion is outlined as follows below:
1. Firstly we need itemize all the input items into three categories as material inputs, equipment inputs and service inputs to form the inputs inventory. Monetary cost of the j-thin put is listed in the inventory. The monetary costs of input items in oxy fuel combustion are collected from previous studies on oxy fuel combustion and also studies related to carbon capture and storage technologies while the cost of other inputs is derived from bureau of commodity price in Hubei Province [12]. 2. We then select to find a database for all inputs.
A research by Chen et al [13] has already calculated the water footprint intensity database for the Chinese economy in 2007, which provides the embodied industrial water intensity database for 135 sectors. 3. After that we match item input (Cj) in the inventory economy input-output table provided. The corresponding embodied water intensity (Ij) for the input item can be traced from the database. 4. Lastly, we have to multiply monetary cost of each input item with its corresponding water intensity. Indirect water use of oxy fuel combustion system is the sum of indirect water use associated with each input item, WU Indirect.Presenting the formula, the indirect water use we have: Table 1 summarizes the water use contributions from each stage in the life cycle. The total water use for oxy-fuel combustion CO2 capture and storage is calculated as 1.15E+07m 3 /yr and the total CO2 captured by an oxy-fuel power plant 4.2E+09 kg/yr [14] . Therefore, the water intensity is 2.74L/kg, which manifests that with every kg CO2 being captured 2.74L water is consumed. Meanwhile the water intensity for power generation is calculated as 3.23m 3 H2O/MWh. 
Results
Figure 2
Water use induced by each process 
Discussion
Scenario Analysis
Based on the latest official policy of China's electricity development, 13th Five-Year Plan of electricity development. China aims to reduce carbon dioxide emissions per unit of GDP by 18% from 2015 levels by 2020, in line with China's pledge at the COP21 conference in Paris in December 2015, where President Xi Jin ping affirmed China's commitment to reduce total carbon emissions per unit of GDP by 60-65% from 2005 levels by 2030 and peak carbon emissions by 2030 [15] .
According to the Paris Agreement in 2015 , it has become increasingly clear that the world will need all the technologies, mechanisms and approaches available to curb ever increasing emissions. In this past year,we have seen decisive action from a number of governments to include CCS in their armory [16] . Water use intensity of CCS has a high uncertainty, because CCS is a new technology that is not widespread. Kyle et al. (2013) determined that the water use intensities of coal, integrated coal gasification combined cycle, natural gas combined cycle power plants with CCS were about 20-100% higher than those without CCS.
Solutions to reduce water use
As the results have shown, power generation consumes a vast amount of water. The minimum demand of energy to separate oxygen from the air is around 53.1 kWh/t of oxygen [17] . The recently built air separation unit has higher thermodynamic capabilities. Using wasted or discarded wind power for the separation of oxygen is a good option as well. Using air cooling could also reduce water use. Air cooling and closed-loop cooling are increasingly employed in China's power stations, which has in turn decreased the life cycle water use from 2.77 to 2.14m 3 /MWh because of the reduction of indirect water use by more than 35% [18] .It is also a good choice to use alternative or degraded water sources.Increasing thermal conversion efficiency is an alternative. High-efficiency natural gas combined cycle power plants have a large benefit from a water conservation stand point due to the fact that combustion turbines produce roughly twothirds of the power, thus cooling water consumption is reduced by an equivalent amount [19] .
Conclusion
This study investigates the life cycle water use of oxy fuel CO2 capture, transport and storage in China. With a detailed input and output inventory, tiered hybrid life cycle assessment is used to calculate water use of each process during the lifecycle of the system. Sensitivity analysis was performed for seven different scenarios and found that varying factors like working hours, method of coal transport. China is faced with an urgent need to develop and implement CCS technology for reducing CO2 emissions to meet the targets set. This study could serve as a reference for improving oxy fuel CO2 capture water resources management and application. It's necessary for future research to continue investigating and increasing knowledge of oxy fuel CO2 capture, transport and storage to understand how the power plants handle water stress issues and achieve with the future water sustainable CO2 capture strategies.
